Background: Cyclooxygenase-2 (COX-2, PTGS2) plays an important role in colorectal carcinogenesis. COX-2 overexpression in colorectal cancer is inversely associated with microsatellite instability (MSI) and the CpG island methylator phenotype (CIMP). Evidence suggests that MSI/CIMP+ colorectal cancer may arise through the serrated tumorigenic pathway through various forms of serrated neoplasias. Therefore, we hypothesized that COX-2 may play a less important role in the serrated pathway.
adenocarcinomas. Tumor location was not significantly correlated with COX-2 overexpression, although there was a trend towards higher frequencies of COX-2 overexpression in distal tumors (than proximal tumors) among hyperplastic polyps, SSAs, mixed polyps, traditional serrated adenomas and adenocarcinomas.
Conclusion: COX-2 overexpression is infrequent in hyperplastic polyp, SSA and mixed polyp with SSA and adenoma, compared to non-serrated and serrated adenoma. COX-2 overexpression becomes more frequent as tumors progress to higher grade neoplasias. Our observations suggest that COX-2 may play a less significant role in the serrated pathway of tumorigenesis; however, COX-2 may still play a role in later stage of the serrated pathway.
Background
Cyclooxygenase-2 (COX-2 or PTGS2, the HUGOapproved official gene symbol) has been considered to have an important role in the development of various cancers, including colorectal cancer [1] [2] [3] [4] . COX-2 overexpression is observed in approximately 70-80% of colorectal cancer [5] [6] [7] , and has been associated with poor prognosis in some but not all studies [5, 6] . Regular use of COX inhibitor aspirin has been shown to decrease risks of colorectal cancer [8] and adenoma [9] , and epidemiologic evidence supports that aspirin prevents colorectal cancer by inhibiting COX-2 [10] . In addition, COX-2 selective inhibitor celecoxib inhibits the growth of colorectal cancer cells in vitro [11, 12] . Randomized trials have demonstrated that celecoxib decrease a risk of recurrent adenomas in high-risk individuals [13] [14] [15] . Thus, COX-2 is a promising chemopreventive target against colorectal neoplasia [1, 16, 17] . In light of these observations, it may be important to examine COX-2 expression levels in precursor lesions to predict effectiveness of chemoprevention by COX-2 inhibition [10, 18] .
Serrated colorectal neoplasias comprise a family of lesions bearing some histological similarities, including an overall serrated configuration of neoplastic epithelial cells [19, 20] . Serrated colorectal neoplasias include hyperplastic polyps, sessile serrated polyps/adenomas (SSAs), polyps with mixed features of SSA and adenoma, and traditional serrated adenomas. Accumulating evidence suggest that SSAs and polyps with mixed features of SSA and adenoma be precursor lesions for colorectal cancers, in particular, with BRAF mutation, high degree of MSI and widespread promoter methylation referred to as the CpG island methylator phenotype (CIMP) [19] [20] [21] [22] [23] . Thus, the term ''the serrated pathway'' has been used for multistep colorectal carcinogenesis through serrated precursor lesions [22] [23] [24] .
COX-2 overexpression in colorectal cancer is inversely associated with MSI [25] [26] [27] and CIMP [27, 28] . COX-2 has been shown to be frequently overexpressed in serrated adenomas [29, 30] , but infrequently in hyperplastic polyps [2, [29] [30] [31] . COX-2 overexpression has been demonstrated in polyps in hereditary mixed polyposis syndrome [32] and familial juvenile polyposis [33] , but not in fibroblastic polyps [34] . However, to our knowledge, no study has comprehensively examined COX-2 expression levels in various serrated and non-serrated colorectal neoplasias. Therefore, in this study, we have evaluated COX-2 expressions in various serrated and non-serrated colorectal neoplasias, including hyperplastic polyps, SSAs, traditional serrated adenomas, and adenocarcinomas with or without serration.
Methods

Study group
In order to recruit patients into this study, we utilized the databases of two large prospective cohort studies: the Nurses' Health Study (N = 121,700 women) [35] , and the Health Professional Follow-up Study (N = 51,500 men) [36] . Informed consent was obtained from all participants prior to inclusion in the cohorts. A subset of the cohort participants developed colorectal polyps or colorectal cancers during prospective follow-up. Previous studies confirmed that our colorectal polyps/adenomas and colorectal cancers were representative as populationbased samples [8, 10, [35] [36] [37] . We requested paraffin embedded tissue samples of colorectal polyps that were endoscopically 1 cm or greater. Polyps endoscopically measuring less than 1 cm did not give reliable results for COX-2 expression because those small polyps became even much smaller after formalin fixation and careful histopathologic examination for diagnosis at multiple levels of sections (i.e., typically only approximately 1 mm of tissue was left). Tumors were selected based on availability of tumor tissue samples and assay results at the time of this study. As a result, a total of 611 colorectal polyp cases (290 from the men's cohort and 321 from the women's cohort) were included in this study (mean age 60.8 years old, median 62, standard deviation 8.2). For the purpose of comparison, 207 colorectal adenocarcinomas from the two cohorts were also evaluated for glandular serration and COX-2 expression. Tissue collection and analyses were approved by the Dana-Farber/Harvard Cancer Center and Brigham and Women's Hospital Institutional Review Boards.
Histopathologic evaluations
Hematoxylin and eosin (HE) stained slides of the tumors were reviewed by a pathologist (S.O.), and colorectal neoplasias were classified according to the previously described criteria [19, 38] : hyperplastic polyp, sessile serrated polyp/adenoma (SSA), polyp with mixed features of SSA and non-serrated adenoma (herein referred to as "mixed polyp"), traditional serrated adenoma (Figure 1 ), non-serrated adenomas (tubular adenoma, tubulovillous adenoma, and villous adenoma), and adenoma with focal intramucosal adenocarcinoma. All serrated polyps and adenomas were reviewed by a second pathologist (M.M.) and discrepant diagnoses were resolved by discussion. By definition, tubular adenoma contains villous architecture in <25% of adenomatous epithelium. Tubulovillous adenoma and villous adenoma have between 25% and 75%, and greater than 75% of villous epithelium, respectively. Serration in colorectal adenocarcinoma was evaluated according to the previously published criteria [39, 40] . Similar to hyperplastic polyps, serrated colorectal polyps and traditional serrated adenomas, serrated adenocarcinomas were characterized by the presence of serrated epithelial cells projecting into the lumen of neoplastic glands ( Figure 1 ). Glandular serration in colorectal cancer was evaluated by a pathologist (J.N.G.).
Immunohistochemistry for COX-2
Methods for COX-2 immunohistochemistry were previously described [7, 10] . Briefly, antigen retrieval was performed by incubating deparaffinized tissue sections in citrate buffer (BioGenex, San Ramon, CA, USA) by a microwave for 15 min. Tissue sections were incubated with 3% H 2 O 2 (20 min), then with Avidin Block (Vector Laboratories, Burlingame, CA, USA) (15 min), and then with Biotin Block (Vector Laboratories) (15 min). Primary anti-COX-2 antibody (Cayman Chemical, Ann Arbor, MI, USA) (dilution 1:300) was applied overnight at 4°C. Then, tissue sections were incubated with secondary antimouse antibody (Vector Laboratories) (20 min), and then with avidin-biotin complex conjugate (Vector Laboratories). Tissue sections were visualized by diamino benzidine (5 min) and methyl-green counterstain. Tissue microarrays (TMAs) were constructed as previously described [27] , and used for immunohistochemistry in only colorectal cancer cases. For cases in which results from TMAs were equivocal, we stained whole tissue sections to obtain more definitive results. COX-2 expression in adenoma/polyp cells was interpreted as negative (no overexpression), weak overexpression (1+), or strong overexpression (2+) (Figure 2 ). COX-2 expression in adenomas and polyps was often heterogeneous and we interpreted as overexpression even if staining of tumor cells was focal. Inflammatory cells served as an internal positive control. Appropriate positive control (colorectal cancer with known COX-2 overexpression) and negative control (colorectal cancer with known COX-2 overexpression treated by water instead of anti-COX-2 antibody)
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were included in each run of immunohistochemistry. COX-2 expression in colorectal cancer was interpreted as previously described [10] . All immunohistochemically stained slides were reviewed by a pathologist (S.O.) blinded from clinical or other laboratory data. A subset of cancer cases (N = 108) was reviewed for COX-2 expression independently by two pathologists and the concordance rate was 92% (kappa coefficient = 0.62, p < 0.001) [10] .
Statistical analysis
Chi-square test (or Fisher's exact test when the number of cases in any category was less than 10) was performed for categorical data, and kappa coefficient to evaluate concordance of interpretation of COX-2 by the two observers was computed, using the SAS program (version 9.1, SAS Institute, Cary, NC). All p values were two-sided, and statistical significance was set as p ≤ 0.05.
Results
COX-2 overexpression is infrequent in hyperplastic polyp, sessile serrated polyp/adenoma (SSA) and mixed polyp with SSA and non-serrated adenoma There were totals of 605 colorectal polyps and adenomas, including 24 hyperplastic polyps (HPs), 7 sessile serrated polyp/adenomas (SSAs), 5 mixed polyps (MPs) with SSA and non-serrated adenoma, 27 traditional serrated adenomas (SAs), 393 tubular adenomas, 109 tubulovillous adenomas, 13 villous adenomas, and 33 (non-serrated) adenomas with intramucosal adenocarcinoma. For the purpose of comparison, we also evaluated 207 colorectal adenocarcinomas; 96 with at least focal serration and 111 without serration. Among all 605 colorectal polyps and adenomas, weak (1+) COX-2 overexpression was observed in 191 cases (32%), and strong (2+) COX-2 overexpression was observed in 160 cases (26%). There was no significant difference in the frequencies of COX-2 overexpression between tubular adenomas, tubulovillous adenomas and villous adenomas (Table 1) . Therefore, we combined these adenomas into "non-serrated adenomas".
Compared to non-serrated adenomas, COX-2 expression levels were generally lower in hyperplastic polyps, sessile serrated adenomas (SSAs), and mixed polyps with SSA and adenoma. In contrast to non-serrated adenomas [showing 2+ COX-2 in 28% (143/515) of cases], strong (2+) COX-2 expression was observed in none (0%) of 12 serrated lesions including 7 SSAs and 5 mixed polyps (p = 0.04) and in only 4.2% (1/24) of hyperplastic polyps (p = 0.008) (Table 1, Figure 3) . Any (1+, 2+) COX-2 expression was more common in non-serrated adenomas (60% = 307/515) than in hyperplastic polyps (13% = 3/24, p < 0.0001), and serrated lesions including SSAs and mixed polyps (25% = 3/12, p = 0.03) (Table 1, Figure 4 ). Despite the presence of serrated appearance, traditional serrated adenomas showed the frequency of COX-2 overexpression similar to non-serrated adenomas. We noted that most hyperplastic polyps were small (typically <3 mm on glass slides) although these were supposed to be endoscopically ≥ 1 cm. Since we interpreted focal staining as positivity, the proportion of negative hyperplastic polyps might be merely function of size. Nonetheless, focal COX-2 positivity was considered to be important, because focal positive cells might progress to COX-2 positive advanced lesions.
COX-2 overexpression was not correlated with serration in colorectal adenocarcinoma
In adenocarcinomas, regardless of the presence or absence of serration, COX-2 overexpression was frequent (Table  1) . Strong (2+) COX-2 overexpression was more common in adenocarcinomas (65% = 135/207) than in non-serrated adenomas (28% = 143/515, p < 0.0001) (Figure 3 ). Any (1+ or 2+) COX-2 overexpression was also more com- mon in adenocarcinomas (85% = 176/207) than in nonserrated adenomas (60% = 307/515, p < 0.0001) ( Figure  4 ). There was a trend that COX-2 overexpression was progressively more common from non-serrated adenomas, to adenomas with intramucosal carcinomas, and to adenocarcinomas.
Tumor location, gender, age at diagnosis, and COX-2 overexpression in colorectal neoplasias
We also examined the relationship between tumor location, histopathologic diagnosis and the frequency of COX-2 overexpression (Table 2 ). There were no significant differences in the frequencies of COX-2 overexpression between tumors in the proximal colon and those in the distal colorectum in any histopathologic category.
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Frequency of any (1+ or 2+) COX-2 overexpression in various colorectal neoplasias. * Proximal tumors were located from cecum to transverse colon, and distal tumors were located from splenic flexure to rectum.
Nonetheless, there was a trend towards more frequent COX-2 overexpression in tumors in the distal colorectum than those in the proximal colon (among hyperplastic polyps, SSAs, mixed polyps, traditional serrated adenomas and adenocarcinomas).
COX-2 overexpression was not correlated with gender or age at diagnosis in any of the histopathologic categories examined (data not shown).
Discussion
We conducted this study to examine COX-2 expression in various serrated and non-serrated colorectal neoplasias.
We have demonstrated that, compared to non-serrated adenomas, COX-2 overexpression is infrequent in hyperplastic polyps, sessile serrated polyps/adenomas (SSAs) and mixed polyps with SSA and adenoma. Traditional serrated adenoma and non-serrated adenoma show similar frequencies of COX-2 overexpression. In addition, COX-2 overexpression appears to become frequent as tumors progress to higher grade neoplasias, which is in agreement with a previous study showing a positive correlation between COX-2 expression and tumor grade in colorectal adenomas [41] .
SSAs have been named in a variety of ways in the literature [19] . Torlakovic and Snover [42] found that the histopathologic features of polyps of "hyperplastic polyposis" were different from those of small sporadic hyperplastic polyps, and the term "sessile serrated adenoma" was coined to distinguish these distinct lesions from the more pedunculated lesions of traditional serrated adenomas [43] . Similar lesions have been reported under different names, including "serrated adenoma, superficial types" [44] and "serrated adenoma types 1 and 2" [45] . A recent review by Jass [23] used the term "sessile serrated polyp" because "this lesion lacks the traditional cytology of colorectal adenoma and in order to avoid confusion with serrated adenoma, it is referred to in this review as sessile serrated polyp". To reconcile this terminology issue, we used the term "sessile serrated polyp/adenoma (SSA)".
A few previous studies have examined COX-2 expressions in sporadic serrated adenomas as well as hyperplastic polyps. Arao et al. [30] examined COX-2 expression in serrated adenomas and hyperplastic polyps, and found that 71% of serrated adenomas showed moderate to intense positivity, in contrast to 32% of hyperplastic polyps showing weak to moderate positivity. Takeuchi et al. [29] examined COX-2 expression in serrated adenomas, tubular adenomas and hyperplastic polyps, but not in SSAs. They found that serrated adenomas of the cerebriform pattern showed a similar COX-2 expression score as tubular adenomas, and concluded that serrated adenoma of the cerebriform pattern should be treated similarly as tubular adenoma. There are other studies that have shown infrequent COX-2 overexpression in hyperplastic polyps [2, 31] . However, to our knowledge, no study to date has compared COX-2 expression levels between SSAs, traditional serrated adenomas, non-serrated adenomas and adenocarcinomas.
The serrated pathway of colorectal carcinogenesis has been linked to widespread promoter methylation referred to as the CpG island methylator phenotype (CIMP) [23, 46] . CIMP-high colorectal cancers are inversely correlated with COX-2 overexpression independent of MSI status [27] . Together with our current data on the inverse association between COX-2 and the serrated polyps, these observations support the proposed link between the serrated pathway and CIMP-high in colorectal cancer development.
Our data may have significant clinical implications because of emerging importance of COX-2 as a promising chemopreventive target [10, 18] . Regular aspirin use has been shown to decrease risks of colorectal cancer as well as adenoma [8, 9] . We have recently shown that regular aspirin use decreases a risk of COX-2-overexpressing colorectal cancer, but not a risk of COX-2-negative colorectal cancer [10] . In light of our findings, aspirin, celecoxib, and other non-steroidal anti-inflammatory drugs (NSAIDs) may be less frequently effective against serrated polyps than non-serrated adenomas. However, since COX-2 overexpression also appears to be dependent on tumor progression, it is possible that COX-2 inhibition may still be effective for the prevention of tumor progression in a subset of any types of precursor lesions.
Conclusion
In conclusion, hyperplastic polyp, sessile serrated polyp/ adenoma (SSA) and mixed polyp with SSA and adenoma infrequently overexpress COX-2, when compared to nonserrated adenomas and serrated adenomas. COX-2 overexpression appears to be more frequent as tumors progress. Our observations suggest that COX-2 may play a less significant role in the serrated pathway of tumorigenesis, especially in early stage of polyp formation; however, COX-2 may still play a role in later stage of the serrated pathway.
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